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Haptic Exploration of Unknown Surfaces
with Discontinuities
Rodrigo S. Jamisola Jr., Petar Kormushev, Antonio Bicchi, and Darwin G. Caldwell
Abstract—This work presents an approach for exploring
unknown surfaces with discontinuities using only force/torque
information. The motivation is to build an information map
of an unknown object or environment by performing a fully-
autonomous haptic exploration. Examples of discontinuities
considered here are contours with sharp turns (such as wall
corners) and abrupt dips (such as cliffs). Compliant motion
control using force information has the ability to conform to
unknown, smooth surfaces but not to discontinuous surfaces.
This paper investigates solutions to address the limitation in
compliant motion control over discontinuities while maintaining
a desired normal force along the surface. We propose two
methods to address the problem: (1) superposition of motion
and force control and (2) rotation of axes for force and
motion control. The theoretical principles are discussed and
experimental results with a KUKA lightweight arm moving in
2D space are presented. Both approaches successfully negotiate
objects with sharp 90-degree and 120-degree turns while still
maintaining good tracking of the desired force.
I. INTRODUCTION
Haptic exploration of unknown object or environment to
gather information about its properties for touch perception
has gained renewed research interest in the past decade [1]–
[5]. An immediate application would be as an aid to the blind
[6]–[8], and in some cases to provide feedback information
to systems, especially when visual and hearing perceptions
are not possible, or have already failed. All three senses of
touch, sound or vision have been recently investigated [9] and
are found to be key stimuli in the human brain. Early work
in touch perception include an integration of both vision and
touch in robots [10]–[12], as well as in humans [13]. Such
integration of vision and touch perception is supported by a
more recent study in human brain mapping [14].
The motivation of this work is to build an information
map of an unknown object or environment through a fully-
autonomous haptic exploration. In order to achieve this, the
haptic device must be able to go through surface discontinu-
ities. The considered scenario is illustrated in Fig. 1. Earlier
experiments on haptic exploration [15] aimed to build the
same information map but were not fully autonomous, and
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Fig. 1. A tool attached to a robot end-effector maintains contact on a
surface with discontinuities as it goes from point A to point C, and goes
around the obstacle at point B.
later work was performed to define surface features [16]. In
another work, a touch probe was used to scan surfaces but did
not address surface discontinuities [17], [18]. Other studies
on touch perception include acquiring and interpreting three-
dimensional data from touch [19], touch-based perception
to manipulate an object [20], and tapping objects to create
sound [21] to identify them. Our work is different because
we focus on the process of gathering information by ex-
ploring smooth surfaces and surface discontinuities. Human
experiments on surface haptic identification suggest that
people acquire internal representation of surfaces based on
two classifications: force perturbation and object boundaries
[22]. Such characteristics are critically present in surface
discontinuities, and are used in this work to monitor and
react to changes of the force/torque sensor reading.
Assuming only force sensor information is available, this
work proposes two approaches for dealing with surface
discontinuities: (1) superposition of motion and force control
and (2) rotation of the axis of motion and force control. Each
method is discussed and physical implementation results
using a KUKA seven-degrees-of-freedom (7-DOF) light-
weight arm are shown.
II. OVERVIEW
The idea is to exert a constant normal force on the surface
throughout the haptic exploration. The method used will be
an extended compliant force and motion control, with an
added strategy on how to deal with surface discontinuities.
Our experimental setup consists of a six-axes force/torque
sensor, a KUKA seven-degrees-of-freedom (7-DOF) light-
weight robot, a roller painting tool, and discontinuous sur-
faces. In this paper, we consider motion in 2D space.
This roller painting tool was used to simplify the imple-
mentation of the proposed methods. The purpose was to exert
a normal force on the surface, without exerting a torque
around the roller axis that is due to sliding friction. This
resulted into mostly reactionary forces, with minimal torques
around its axis, at the roller tool. And so the sensed torques
at the sensor are mostly the reactionary forces multiplied by
the distance of the roller tool axis to the force/torque sensor.
To implement a force and motion controller on the KUKA,
its impedance controller is given as
tcmd = JT (kc(xFRI xmsr)+FFRI+D(dc)+ fdynamics(q; q˙; q¨)
(1)
where tcmd is the commanded torque to the robot joints,
JT is the manipulator Jacobian, kc is the motion control
proportional gain, xFRI is the desired end-effector position
and orientation, xmsr is the measured end-effector position
and orientation, FFRI is the force/torque input, dc is the mo-
tion damping gain and fdynamics(q; q˙; q¨) is the robot dynamics
model.
From the variables in (1), the fast research interface (FRI)
of KUKA (which is its programming interface), only allows
modification of kc, xFRI , FFRI , and dc. The control adopted in
this work is a motion control along the forward and backward
motion of the roller tool, and a force control normal to the
surface. These two axes are perpendicular to each other.
To control the motion of the end-effector along a desired
direction, we provide an incremental, sinusoidal path along
the desired axis as
Dp= A(sin(wt)  sin(wt f)) (2)
where A is the desired amplitude, w is the desired angular
frequency, t is current time, and f is the desired phase which
can determine the magnitude of the incremental step size. We
input to the corresponding desired motion increment along
the axis of motion in (1). To control the force normal to the
surface, a force controller is designed as follows
(3)
FFRIi = Fdesi + k fpi( fdesi   fmsri) + k fdi
d
dt
fmsri
+ k fii
Z t
tinit
( fdesi   fmsri)dt
where the subscript i indicates the corresponding force
control axis; Fdesi is the desired force or torque; k fpi ;k fdi ;k fii
are the corresponding proportional, derivative, and integral
gains component; dt is cycle time; and tinit is initial time.
Lastly, the objects to be explored are arbitrarily placed on
the table and is held by hand all throughout the experiment.
This was purposely performed to highlight the fact that the
geometry of the surfaces were not modeled, and that the
performance of the proposed methods were based mainly on
the force/torque sensor feedback. The next two sections will
FZ
FX
OZ
OX
α=0
β=1
α=1
β=0
α=1
β=0
α=0
β=-1
α=1
β=0
α2 + β2=1path 1
path 2
path 3
path 4
path 5
Fig. 2. Schematic drawing of Method 1. The overall path along the surface
is subdivided into paths 1 to 5. At each path the corresponding a and b
values are shown to superimpose force and force and motion control. That
is, path 1: fa = 1 and b = 0g, path 2: fa = 0 and b = 1g, path 3: fa = 1
and b = 0g, path 4: fa = 0 and b = 1g, path 5: fa = 1 and b = 0g, and
fa2 + b 2 = 1g at the corners of paths 1 and 2 and paths 4 and 5. Also
shown are the axes of the sensor frame, fFg, namely Fx and F z and the
axes of the base frame, fOg, namely Ox and Oz.
discuss the theoretical principles of the two methods used in
this work.
III. METHOD 1: SUPERPOSITION OF MOTION AND
FORCE CONTROL
This proposed method simultaneously uses force and mo-
tion control in both x and z axes and dynamically changes
their relative weights according to the sensed torque around
the y-axis of the force/torque sensor frame, as shown in
Fig. 2. Thus weighting parameters, a and b , are functions
of torque around the y-axis of the force sensor frame, fFg,
denoted by ty = fmsr5 as shown below
a = jjtyjj+1:0 and b = sgn(ty)
p
1 a2: (4)
The assignment of values for specific positions of the tool
along the path on the surface is shown in Fig. 2. Accordingly,
a = 1 (and correspondingly, b = 0) on the horizontal surface.
On the vertical surface, a = 0 with b = 1 for normal force
pointing to the right and b = 1 for normal force pointing to
the left. The plots of alpha and beta values against the torque
values around the y-axis of the sensor frame are shown in
Figs. 3 and 4.
For both methods, the orientation of the end-effector
remains constant, and so is its position along the y-axis. The
position and force control are applied in both the the x- and
z-axes. Thus, the corresponding position inputs to (1) are
fFRI1 = pdesx and fFRI3 = pdesz , such that
(5)
p(i)desx = p
(i 1)
desx + aDp
p(i)desz = p
(i 1)
desz + bDp
where the superscript denotes step index. And the corre-
sponding force inputs to (1) are FFRI1 = FFRIx and FFRI3 =
FFRIz
(6)
FFRIx = Fdesx + k fpx(a fdesx   fmsrx) + k fdx
d
dt
fmsrx
+ k fix
Z t
tinit
(a fdesx   fmsrx)dt
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Fig. 3. Values of a 2 [0;1] plotted against the torque values around the
y-axis of the sensor frame.
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Fig. 4. Values of b 2 [ 1;1] plotted against the torque values around the
y-axis of the sensor.
and
(7)
FFRIz = Fdesz + k fpz(b fdesz   fmsrz) + k fdz
d
dt
fmsrz
+ k fiz
Z t
tinit
(b fdesz   fmsrz)dt:
The proposed method is mainly based on the idea of
exploring convex and concave discontinuous surfaces. From
Fig. 2, the convex discontinuous surface is represented by
the corners between paths 2 & 3 and between paths 3 & 4.
The concave discontinuous surface is between paths 1 & 2
and between paths 4 & 5. Note that the values of a is based
on the torque feedback about the y-axis, as shown in Fig. 3.
And so at the corners of paths 1 & 2 and of paths 4 & 5,
the value of a = 0:5 and b =0:866. But at the corners of
paths 2 & 3 and of paths 3 & 4 the value of the torque about
y-axis is zero and so this makes a = 1 and b = 0, according
to (4). Geometrically, the first case is when there is only a
single point contact contact while the second case is when
there is a two-point contact.
Fig. 5. Schematic drawing of Method 2: rotation of axis of motion and
force.
IV. METHOD 2: ROTATION OF AXES FOR MOTION AND
FORCE CONTROL
The second method is based on the principle that the tool
always apply a normal force on the surface, and always
moves in the axis perpendicular to it. This is illustrated in
Fig. 5. Thus the idea is to orient the control frame fCg (with
x-component, Cx, and z-component, Cz, in the figure) as the
tool explores the paths in the surface.
The rotation about the Cy-axis is driven by the force sensed
along the Cx-axis. This is specifically used when the tool is
pushing against an obstacle and would need to reorient its
direction of motion as in the intersection of paths 1 and 2
in the figure. However, at the instance that the tool is about
to lose surface contact (just like in the intersection of paths
2 and 3), this method uses a global rotation model similarly
used in perception [23].
Thus in this method, two approaches are used: (1) rotation
about the y-axis when facing an obstruction, and (2) using
a model in perception at surface boundaries. These are the
two identified classifications in human experiments on haptic
surface identification [22]. The rotated control frame, fCg,
is expressed with end-effector frame, fEg, and then express
with respect to the base frame, fOg, in order to apply (1).
Thus given a force/torque feedback at the sensor frame,
fFg, denoted as F f, we express the same feedback at the
control frame as,
Cf= CRFF f: (8)
Thus its x-component, C fx, is used to drive the rotation about
the Cy-axis, given as
q = k fc( C fdesx  C fx) (9)
where k fc is a proportional force gain and C fdesx is zero.
This angle is used as an input to the rotation matrix
CRy;q =
24 cos(q) 0 sin(q)0 1 0
 sin(q) 0 cos(q)
35 : (10)
The incremental motion along the Cx-axis is given as
Cp(i)des =
CRy;q ( Cp(i 1)+ Dp iˆ ): (11)
In this way, the end-effector will attempt to move incremen-
tally along the Cx-axis direction when there is an obstruction,
and this builds up the force C fx. This results to a rotation
of frame fCg until Cz becomes normal to the surface. When
this happens, the Cx-axis now points to the direction with
no obstruction (zero resistance force). The corresponding
position input to (1) becomes
xFRI = OREERCCpdes (12)
where iR j is a rotation matrix expressed in appropriate
reference frames.
For the force control along the Cz-axis, we used
CF = k fp( fdesz   C fz) + k fd
d
dt
C fz + k fi
Z t
tinit
( fdesz   C fz)dt
(13)
such that force input to (1) is
FFRI = OREERC CFk: (14)
From (1), default kc and kc gains are already provided by
KUKA. We make use of the default values and set zero for
the gains along the Cz-axis, that is Ckcz = 0 and
Cdcz = 0, as
shown in the following
kc = ORCERO( Ckcx iˆ+
Ckcy jˆ) (15)
such that when the frame-fCg coincides with frame-fEg,
the end-effector Ez-axis is under force control. The damping
terms are set accordingly as
dc = ORCERO( Cdcx iˆ+
Cdcy jˆ): (16)
V. EXPERIMENTAL RESULTS
In this section, we present experimental results of our
proposed methods. A KUKA lightweight arm is controlled
by an external computer at a rate of 250 Hz. A force/torque
sensor is attached between the roller tool and its end-effector.
(See Fig. 6.) For each method, three different objects with
discontinuous surface are tested: a wooden stool with a
height of 11 cm and a length of 24 cm, an equilateral
triangular box with side length of 10 cm, and a rectangular
box with a height of 32 cm and a length of 18 cm.
Here we compare the two approaches as follows. First,
based on the input values used as the mechanism for chang-
ing the direction of control. Method 1 used torque around the
y-axis to derive the values of a and b , while Method 2 used
the force along x-axis to rotate the axis of control. In terms
of scalar absolute values, the range of the torques can be
lesser compared to the force feedback. However, both inputs
can be expressed in terms of the other and can be therefore
considered equivalent. Second, we compare based on how the
independent variable is used against the control parameters.
For Method 1, there is a direct relationship between the
torque feedback to a (linear) and b (quadratic). While for
Method 2, the relationship is less direct because the force
feedback is translated into an input to a rotation matrix.
Fig. 6. Experimental setup of the KUKA lightweight robot with a roller
tool attached to its end-effector. A force/torque sensor is placed between
the tool and the end-effector. Video is available online at [24].
In this sense, Method 1 may result into a faster response.
However in some cases, Method 2 may have a more stable
response.
The experimental results are shown in Tables I, with “M1”
as Method 1 and “M2” as Method 2. The wooden stool
is chosen for its 90-degree turn at the edges, while the
rectangular box is chosen to test the same 90-degree turns
but at a bigger height (almost three times as the wooden
stool). The triangular box has 120-degree turns at the edges.
The surface profiles show surface conformity of the roller
tool as it traverse discontinuous surfaces. The force profiles
present how the tool maintains the desired 10 N. A video of
the experiments is shown here [24].
The surface profile in Table I showed the wood with
the highest conformity to the actual surface because of
its hardness. The rectangular box being the softest of the
three objects, and thus has the least surface conformity. And
because the changes in the control is determined by the
torque feedback from the sensor reading, such hardness of
material greatly determines how well the force controller
can perform. Thus as expected the force profile of wooden
stool is considerably better than the other two. Admittedly,
greater finetuning of the force controller parameters may be
necessary to further improve the force profile of the objects
in the experiment.
Method Two surface profiles shown in Table I does not
vary significantly against that of Method One. Again, with
the wooden stool having the highest surface conformity
compared to the to other two objects. The tapering of the
surface profile of the rectangular surface can be attributed to
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experimental factors such as the force necessary to hold the
box in place during the experiment, as the roller tool exerts
its force on it. One attribute of this method is the necessity to
build a force when the tool is at the sharp edges of the object
in order to turn the control axis. Thus the forces are highest
at the edges of the objects as shown in the force profile.
The rectangular object has the highest exerted normal force.
Again, we can attribute this to the deformation of the box
during the force exertion by the roller tool, as well as the
greater effort by the human holder to hold it down in place
all throughout the experiment. Nonetheless, the experimental
results shown provides insight on the efficacy of the two
proposed methods to explore discontinuous surfaces using
only the force/torque sensor feedback.
VI. CONCLUSION
This work has presented two methods to address explo-
ration of discontinuous surfaces by using only force/torque
sensor information. Theoretical principles for each method
are presented and experimental results showed that sur-
face conformity at discontinuities is possible. Surface and
force profiles of 90-degree and 120-degree surfaces turns
were shown, and both methods showed considerable surface
conformity. It was also shown that hard surfaces have a
better response especially to force profiling, and this is more
prominent at discontinuities. The methods presented will be
used to further research on mapping surface information of
objects or environments through haptic exploration. The next
step is to create surface profiles of unknown, more complex
objects in 3D space.
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